Abstract. Endogenous DC electric fields (EFs) are important, fundamental components of development, regeneration, and wound healing. The fields are the result of polarized ion transport and current flow through electrically conductive pathways. Nullification of endogenous EFs with pharmacological agents or applied EFs of opposite polarity disturbs the aforementioned processes, while enhancement increases the rate of wound closure and the extent of regeneration. EFs are applied to humans in the clinic, to provide an overwhelming signal for the enhancement of healing of chronic wounds. Although clinical trials, spanning a course of decades, have shown that applied EFs enhance healing of chronic wounds, the mechanisms by which cells sense and respond to these weak cues remains unknown. EFs are thought to influence many different processes in vivo. However, under more rigorously controlled conditions in vitro, applied EFs induce cellular polarity and direct migration and outgrowth. Here we review the generation of endogenous EFs, the results of their alteration, and the mechanisms by which cells may sense these weak fields. Understanding the mechanisms by which native and applied EFs direct development and repair will enable current and future therapeutic applications to be optimized.
Introduction
The study of development and regeneration enhances our understanding of the natural mechanisms for the building and rebuilding of organisms, from the level of the single cell to the entire body plan. These processes involve complex interactions between the chemical and physical realms. Research over the last few decades has helped elucidate the strong dependence on the complex orchestration of multiple gene products in space and time. However, it still remains very difficult to alter the expression of genes to rebuild damaged tissue in humans, especially when considering the use of controversial treatments such as gene therapy. A systems-based view of development and regeneration may provide suitable therapeutic alternatives. Complex interactions of multiple gene products give rise to physical cues, including mechanical and electrical signals that are relatively easier to control and implement to guide repair and regeneration. We direct our discussion to the role of extracellular electrical fields (EFs) and their roles in controlling development, wound healing, and regeneration.
An electric field (EF) is an electrical potential difference between two points a known distance apart, measured in units of volts per distance. In a conductive medium an EF results in current flow, and current flow generates an EF. The current is carried by ionized species in the medium, mostly inorganic ions, the predominant charged species. EFs depend on the presence of a voltage source (battery) and a conductive pathway. The two predominant DC voltage sources in biological organisms are the trans-plasma membrane electrical potential and the trans-epithelial potential (TEP) that exists across sheets of cells connected via high-resistance tight junctions. Injury to the high-resistance structures, the plasma membrane or tight-junctional epithelium, creates a lower resistance pathway, short-circuiting the battery and giving rise to current flow at the site of injury. As a result, cells in the local vicinity, involved in the wound healing process, are instantly exposed to a strong and long-lasting directional signal.
The first measurements of injury currents near human skin wounds were reported over a century ago (du Bois-Reymond, 1860; Herlitzka, 1910) . Over the last few decades interest has been renewed for understanding (1) the physiological basis of the injury currents, (2) their role in development, regeneration, and repair, (3) optimization of applied EFs in the clinic to promote healing and regeneration, and (4) the mechanisms by which cells sense these weak EFs and control the downstream signaling pathways used to direct cellular responses. We review each of these areas to point out similarities, identify points of contention, and stimulate new directions for inquiry.
Generation of Endogenous Electric Fields
Endogenous extracellular DC EFs are generated by polarized ion transport and conductive extracellular pathways. In the first examples to be discussed, the conductive pathways are created as a result of injury. However, in the further examples in which EFs exist during embryonic development, the conductive pathways are made naturally and are not due to injury. Polarized ion transport, which leads to net movement of charge, creates electrical potential differences, a battery, across high-resistance structures such as the apical to basolateral sides of sheets of cells connected via high-resistance tight junctions-for example, epithelia (Fig. 1A , B)-and the plasma membrane of cells (Fig. 1D , E). In both of these examples, net charge transport, predominantly by the electrogenic Na ϩ -K ϩ ATPase (3 Na ϩ :2 K ϩ ), gives rise to the electrical potential differences. A TEP of around ϩ50 mV is maintained across the epidermal epithelium by net positive charge transport across the apical to basolateral membranes via localization of the basolateral Na ϩ -K ϩ ATPase (Fig. 1B) . Na ϩ influx through apical Na ϩ -channels maintains homeostatic levels of cytosolic Na ϩ . Cl-efflux from the apical membrane may also help to generate the internally positive TEP (Reid et al., 2005) . The trans-plasma membrane potential of neurons is near -70 mV owing to the net positive charge transport out of the cell by the Na ϩ -K ϩ ATPase and the electrochemical equilibrium of K ϩ and resting conductance of K ϩ channels (Fig. 1E ). Damage to the high-resistance structures leads to shortcircuiting of the electrical potential differences and production of extracellular current. Current flow, represented as the movement of positive charge, is shown by arrows near a wounded, non-keratinized epithelium in Figure 1C , and a transected neuron in Figure 1F . The center of the epithelial wound is electrically negative with respect to the undamaged regions at the same layer surrounding the wound. The current lines near the transected neuron enter the injured cell, driven by the internally negative membrane potential.
Injured epidermal epithelium
Injury to the epidermis causes a short circuit of the TEP, giving rise to a measured DC current efflux between 1 and 10 A/cm 2 and an estimated current density up to 300
A/cm 2 near the edge of the wound (Barker et al., 1982; Zhao et al., 2006) . The currents generate relatively steady local electric fields between 40 and 200 mV/mm (Barker et al., 1982; McGinnis and Vanable, 1986; Chiang et al., 1989 Chiang et al., , 1992 Sta Iglesia et al., 1996; Sta Iglesia and Vanable, 1998) that decay over hours and can still be measured for at least 24 h after injury. Amputation of digits or limbs is an even greater insult to the epidermis. Current flow is generated by the remaining epidermal epithelium and exits the low-resistance site of amputation. Currents from amputated newt limbs range between 10 and 100 A/cm 2 and peak a few days after amputation (Borgens et al., 1977b) . Currents measured from the finger tips of amputees reach a measured peak current density of 22 A/cm 2 after an average of 8 days (Illingworth and Barker, 1980) . The range of field strengths measured near epidermal wounds or inferred from current density measurements is at least an order of magnitude below the EF strength employed by many common applications of EFs in the research laboratory (Fig. 2) , and is an order of magnitude greater than the threshold field strength that cells sense and respond to in culture. For comparison, the threshold field strength is about 500 times smaller than the field strength necessary to lead to depolarization and contraction of skeletal muscle and is 4500 times smaller than the minimum field strength necessary to electroporate skeletal muscle (Gehl et al., 1999; Posterino et al., 2000) .
Embryonic epidermal epithelium
Electric fields and current flux have also been mapped in developing embryos to which no injury has been performed. Electrical polarization of the embryonic epidermal epithelium occurs very early in development. In Xenopus the epithelium becomes polarized between gastrulation and neurulation; current influx, ranging from 0.1 to several A/cm 2 , occurs over the entire surface of the embryonic epidermal epithelium; and substantially greater current efflux occurs through the low-resistance path of the blastopore, the opening to the primitive gut (Robinson and Stump, 1984) . The endogenous EFs, measured beneath the epidermal epithelium, increase in magnitude near the blastopore, averaging 27 mV/mm between a point near the blastopore and a point 400 -600 m rostral and 40 mV/mm between a point near the blastopore and a point 250 m dorsal at the caudal region of the embryo (Hotary and Robinson, 1994) . The blastopore is electrically negative compared to the measured regions farther away. In chicks and mice, electrical currents have been mapped leaving the primitive streak, a site considered equivalent to an elongated blastopore (Jaffe and Stern, 1979; Winkel and Nuccitelli, 1989) . Later in development, programmed cell death gives rise to a low-resistance pathway and current efflux at the posterior intestinal portal (pip), the opening into the hindgut from the yolk sac. In chick embryos, the current peaks at 112 A/ cm 2 at stage 17, with measured EFs at the caudal end of the embryo averaging 21 mV/mm at the same stage (Hotary and Robinson, 1990) .
Injured neurons
Extracellular electrical fields near clusters of damaged neurons can extend millimeters away from the injury site and continue for days. Currents around a single transected neuron are shown for clarity in Figure 1F . Current influx peaks at a few hundred microamperes per square centimeter immediately after transection or crush of lamprey and guinea pig spinal cords (Borgens et al., 1980; Zuberi et al., 2008) . In lamprey, the rapid decrease in current occurs within the first 2 h and then slowly declines, remaining at 4 A/cm 2 for up to the 6 days after injury that it was measured (Borgens et al., 1980) . Current density of 20 A/cm 2 remained for up to 6 h after injury in guinea pig spinal cord explants (Zuberi et al., 2008) . Assuming saline resistivity of 100 ⍀cm, extracellular EFs of 40 mV/mm and 200 mV/mm would exist around these injured neurons for an extended time.
Response of Cells to DC Electric Fields in vitro
Identification of the weak DC EFs induced by injury prompted the question of whether they could have any effect on surrounding cells and tissues. As a result, many different types of cultured cells have been exposed to EFs, and the effects on the cells have been characterized. Only cells that were exposed to field strengths similar to those measured in the systems described above will be discussed.
Cultured vertebrate cells commonly respond to weak DC EFs by aligning, migrating, or growing along a direction with respect to the EF lines. Many reports describe that the long axis of cells becomes aligned perpendicular to the EF lines; such alignment has been observed in cells including osteoblasts and osteoclasts (Ferrier et al., 1986) , epidermal keratinocytes (Cooper and Schliwa, 1986; Nishimura et al., 1996; Chernyavsky et al., 2005; Huang et al., 2009) , corneal epithelial cells (Zhao et al., 1996) , neural crest cells (Cooper and Keller, 1984) , astrocytes (Borgens et al., 1994; Alexander et al., 2006) endothelial cells , prostate cancer cells (Djamgoz et al., 2001) , chondrocytes (Chao et al., 2000) , fibroblasts , and muscle (Hinkle et al., 1981; McCaig and Dover, 1991) . The plane of cell division is aligned perpendicular to the EF lines as reported for corneal epithelia cells (Zhao et al., 1999b) . Most of the examples listed above are also motile and migrate toward the cathode in an applied EF. However, a few exceptions migrate toward the anode, including osteoclasts (Ferrier et al., 1986) , dermal fibroblasts (Guo et al., 2010) , and Schwann cells (McKasson et al., 2008) . These examples make excellent targets for study in helping to identify the mechanisms by which cells sense and respond to weak EFs when used in comparison with a cathode-directed cell type. The threshold of the EF-directed responses for epidermal cells is ϳ7 mV/mm (Nishimura et al., 1996; Huang et al., 2009) and for Schwann cells is ϳ3 mV/mm (McKasson et al., 2008) .
The polarized responses of epidermal cells in culture are consistent with the direction of the EFs near wounds. Cells align their long axis perpendicular to the field lines (Fig.  3A) , which are tangent to the edge of a wound. Human keratinocytes and zebrafish epidermal keratocytes migrate toward the negative pole, which is toward the center of the wound, under DC fields of physiological magnitude (Nishimura et al., 1996; Zhao et al., 2006; Huang et al., 2009) . Cultured zebrafish keratocytes display a cathodal response to applied EFs that varies with magnitude ( Fig. 3B , C). The measurement of the cosine indicates the direction of migration: -1 indicates that 100% of cells are migrating toward the cathode and ϩ1 indicates that 100% of cells are migrating toward the anode. A value near zero indicates relatively random migration. Sheets of cells have a sensitivity to EFs and migratory responses similar to those of single cultured cells (Fig. 3B) . The migration paths of many cells, immediately after application of EFs of differing magnitude, display an increase in the rate of turning with greater field strength (Fig. 3C) . Additionally, the division plane of corneal keratocytes is perpendicular to the field lines such that subsequent cell divisions are expanding the cell sheet toward the center of the wound (Song et al., 2002) . Accompanying the directed migratory responses of human keratinocytes to applied EFs are changes in gene expression in which an increase in transcripts occurs for a host of inflammatory response genes and signaling genes (Jennings et al., 2010) .
There are reports regarding the lack of response of fibroblasts to DC EFs that have recently been clarified. Sillman et al. (2003) reported that human dermal fibroblasts do not show directed migration in response to DC EFs of 100 mV/mm after 1 h of application. Similarly, Godbout and Frenette (2006) reported that rat primary fibroblasts show no directed migration by EFs when alternating DC EFs of 10-m duration were used with a 10-m break between alternating EF polarities. More recently, Guo et al. (2010) confirmed the earlier findings of Sillman et al. (2003) , but they also reported that primary fibroblasts show significant migration after EF application in vitro after 2 h. They reported that injury currents near wounds last longer than 5 h, so an endogenous EF may still direct migration in vivo. The slow migration rate of the cells, ϳ15 m/h, makes it difficult to track migration over short periods of time. To respond in less than 2 h, these cells appear to require field strengths greater than 100 mV/mm, which do exist in vivo (Guo et al., 2010) .
Unlike migratory cells, neurites respond to EFs in vitro in ways that vary considerably: their more complex responses to EFs have been called "bewildering" (reviewed in McCaig et al., 2005) . In brief, early reports of exposing cultured Figure 2 . Range of electric field strength generated by injury currents compared to EF strength used for common scientific purposes. Field strengths have been normalized to millivolts per millimeter. Endogenous EFs are considered weak compared to the high field strengths used by various scientific instrumentation.
neurites to applied EFs argued between enhanced cathodal outgrowth (Ingvar, 1920 (Ingvar, , 1947 and decreased anodal outgrowth (Weiss, 1934; Williams, 1936; Marsh and Beams, 1946) . Later it was reported that chick neurites grew faster toward the cathode than the anode, with no obvious turning involved (Jaffe and Poo, 1979) . During reversal of EF polarity it was noted that neurites grew faster on the new cathode side but retracted on the anodal side. Cultured Xenopus spinal neurites show enhanced cathodal initiation, cathodal growth, cathodal turning, cathodal branching, and anodal retraction (Hinkle et al., 1981; Patel and Poo, 1982; McCaig, 1987 , Rajnicek, 1998 . The threshold of the EFdirected responses for Xenopus neurites is ϳ7 mV/mm (Hinkle et al., 1981; Patel and Poo, 1982) . While much has been learned from studying Xenopus spinal neurites, other neurites have been shown to respond to EFs in different manners. Zebrafish spinal neurites grown on laminin do not respond to external EFs of 100 mV/mm (Cormie and Robinson, 2007) , unlike Xenopus spinal neurites grown on laminin, which show significant initiation, turning and branching toward the cathode at the same field strength (Rajnicek et al., 1998) . Neurites from PC12 cells grow toward the anode (Cork et al., 1994) . Other examples, including rat hippocampal neurites (Rajnicek et al., 1992) and chick post sympathetic neurons (Pan and Borgens, 2010) , grow perpendicular to EF lines. Focally applied EFs induced presumptive dendrites of embryonic rat hippocampal neurons to grow toward the cathode but had no effect on presumptive axons (Davenport and McCaig, 1993) . The varying responses of neurites in culture from different organisms and preparations have led to criticism of the use of in vitro studies to guide optimization of EF-directed neuronal repair in humans (Robinson and Cormie, 2008) .
Modification of Endogenous Electric Fields
Characterizing the response of cells to EFs in vitro has only helped identify possible roles for EFs in vivo. However, alteration of the endogenous EFs has provided convincing evidence to support their role in development, wound healing, and regeneration. As mentioned above, the embryonic epidermal epithelium forms early in Xenopus development, and the current flow generated through the embryo by the electrical potential across the epithelium exits the blastopore (Robinson and Stump, 1984; Hotary and Robinson, 1994) . Experiments that altered that current flow through the developing embryo produced developmental abnormalities along the entire body axis. A microelectrode was impaled in the flanks of the embryos and current was passed so that the net current flux through the blastopore was reversed (Hotary and Robinson, 1994) . These embryos developed a great degree of abnormality in 20 of 23 embryos, while 3 developed normally. For comparison, in embryos that had been impaled with a microelectrode but received a current 10 times lower or no current, only 1 of 14 embryos developed abnormally. Embryos that were impaled and allowed to maintain normal blastopore currents developed normally (Fig. 4, top) , while those in which the blastopore currents were reversed developed abnormally (Fig. 4,  bottom) . Abnormalities in the region of the head (H), spinal cord, and tail (T) are obvious. In addition, ectopic cement glands were found in some embryos. Similar current disruption was performed in developing chick embryos. In that case the TEP was shunted along the flank of the embryo, which reduced currents exiting the posterior intestinal portal (pip) and also led to developmental abnormalities of the head and tail (Hotary and Robinson, 1992) . Interestingly, a mutant chick line, rumpless, was identified that showed a similar phenotype in abnormal tail development. Rumpless embryos that developed abnormally possessed significantly reduced current efflux through the pip compared to wild type and rumpless embryos that did not show abnormal tail development (Hotary and Robinson, 1992) .
Modification of endogenous injury currents also affects wound healing. Reduction or nullification of endogenous EFs retards wound healing (Rajnicek et al., 1988; Rhodes et al., 1990; Chiang et al., 1991) . Enhancement and reduction of endogenous fields with pharmacological agents that alter the epithelial battery produced increased and decreased rates of healing, respectively, on injured rat cornea (Song et al., 2002) . Increased rates of wound healing could be rescued by application of exogenous current after pharmacological inhibition of endogenous fields (Chiang et al., 1991; Sta Iglesia et al., 1996; Sta Iglesia and Vanable, 1998) . Applied current used to enhance the magnitude of the injury currents in the bovine cornea increases the rate of wound closure (Sta Iglesia and Vanable, 1998) . Interestingly, reversing the polarity of the endogenous EFs with applied current also increased the rate of wound closure (Sta Iglesia and Vanable, 1998) . Although this result is difficult to explain on the basis of the in vitro work discussed above, similar efforts using reversal of polarity have been shown effective in clinical trials (discussed further below). Together these results support the role of endogenous DC electric fields in promoting wound healing in vivo.
Electrical currents exit sites of amputation and, like surface wounds, are generated by the surrounding epidermal epithelium (Borgens et al., 1977b; Illingworth and Barker, 1980; McGinnis and Vanable, 1986 ). Reduction of current efflux from amputated salamander and newt limbs by re- In an embryo where blastopore currents have been reversed (bottom) the head is small, no eyes have developed, the dorsal fin is missing, and no spinal cord is apparent on the dorsal side. The tail is short and malformed.
ducing the epithelial battery with pharmacological agents increased the number of animals that did not regenerate or showed deficient regeneration. Reduction of the epithelial battery by removing Na ϩ from the animals' pond water delayed regeneration for weeks compared to controls (Borgens et al., 1979a) . Reduction or nullification of limb currents by applying current in the opposite direction inhibited or gave rise to abnormal regeneration in 50% of animals (Jenkins et al., 1996) . Grafting skin over the amputation site reduced the injury currents significantly and prevented regeneration (Altizer et al., 2002) . Interestingly, the epidermal cells of newts possess a pre-existing sensitivity to extracellular EFs. Electrical stimulation of the epidermal epithelium in newts causes cells to dedifferentiate in the absence of amputation and in a manner that is not distinguishable from dedifferentiation after amputation (Atkinson et al., 2006) .
While removal of endogenous currents inhibits regeneration, can enhancement of endogenous currents promote regeneration? This question was addressed in frog models, systems that can only partially regenerate limbs. A cartilagenous spike with little bone and few neurons regenerates from the site of amputation of sham-treated controls. However, enhancement of current efflux through the core of the limb at the amputation site enhanced regeneration (Borgens et al., 1977a (Borgens et al., , 1979b . The current-treated animals showed 40-fold enhanced innervation and bone structures and flattened bifurcated distal structures like the digits on a hand (Borgens et al., 1979b) . The role of applied EFs in influencing nerve outgrowth in vivo is not limited to limb regeneration: the extent of neuronal sprouting and growth was correlated to EF strength during wound healing in the cornea (Song et al., 2004) .
Based on the remarkable finding that increasing endogenous EFs promotes enhanced innervation in regenerating frog limbs, further experiments were performed to determine whether they could direct nerve regrowth after spinal cord injury. Reports showed that applied EFs increased the rate of functional recovery in the spinal cord of lamprey after transection (Borgens et al., 1981) and improved functional connections after spinal injury in rats (Fehlings et al., 1988) , guinea pigs (Borgens et al., 1986; Borgens et al., 1987) , and dogs (Borgens et al., 1999) . These experiments have led to the first clinical trials of applied EFs to treat human spinal cord injury (Shapiro et al., 2005) . However, these efforts are still in their infancy with this single phase I trial; therefore we consider it premature to review the topic at this time.
Treatment of Human Chronic Wounds with Applied Electric Fields
The investigations of the role of EFs during wound healing and regeneration, discussed above, were prompted by positive clinical trials of the healing of chronic wounds in humans. Chronic wounds are wounds that do not heal within 30 days. They afflict the elderly, people with diabetes, or those who are bedridden or immobilized, including those with paraplegia or quadriplegia. One of the first clinical studies to treat chronic wounds involved application of DC fields such that the cathode was placed on the surface of the wound (Wolcott et al., 1969) . This would have resulted in the enhancement of the native EF. However, after a number of days when regrowth reached a plateau, the polarity of the EF was reversed. When a second plateau in regrowth was reached, the polarity of the EF was again reversed. Similar treatments with DC EFs were proved successful in other trials (Gault and Gatens, 1976; Carley and Wainapel, 1985) . Later clinical trials employed pulsed DC EFs using a variety of waveforms rather than continuous DC EFs, with similar positive results (reviewed in Gardner et al., 1999; Kloth, 2005; Watson, 2008) . Pulsed EFs commonly have a timeaveraged DC component. Of special note, AC EFs have been used with mixed results. Whereas an early report showed a significant yet subtle increase in the rate of healing (Lundeberg et al., 1992) , a second study showed no significant effect (Baker et al., 1997) . At that point electrical stimulation (ES) became the term for the many different forms of applied EFs used to enhance wound healing. Table  1 lists examples of some primary waveforms and the ranges of the parameters that have been used to enhance wound healing with ES, reflecting the complexity and variation of Kloth, 2005; Watson, 2008) . However, at present it is not even clear how cells sense DC EFs or the very brief pulses associated with ES. Are all of these different forms of treatment necessary? How can treatments be optimized or simplified? The answers may be found in understanding how cells first sense EFs.
Proposed Mechanisms for Sensing of Weak DC Electric Fields
The polarizing responses of cells to weak EFs are thought to comprise, first, sensing the EFs; second, transduction of that (those) signal (or signals) into reorganization of cellular morphology. Multiple downstream signaling molecules that are involved with other aspects of directed migration have been identified (reviewed in McCaig et al., 2005; Zhao, 2009 ) and may eventually lead to identification of the upstream EF sensors. Sensing of the external EF still remains controversial and may be the easiest component to manipulate in order to redirect cellular responses. The generally accepted hypothesis on the sensing of EFs is that the extracellular electrical potential gradient across a cell generates an asymmetric signal between the two poles of the cell parallel to the EF lines. Of course, this difference in electrical potential is very small. The threshold field strength of 7 mV/mm across a 20 -30-m diameter migratory cell produces only a difference of 0.1-0.2 mV between the extreme edges of the cell along a line parallel to the EF. Epidermal cells respond to fields of this strength in less than 15 min (Nishimura et al., 1996; Huang et al., 2009) . Two hypotheses (Fig. 5) have been formulated that describe how cells may perceive this asymmetric potential (reviewed in Robinson, 1985; McCaig et al., 2005; Levin, 2007) . The first hypothesis (Fig. 5A, B) asserts that the EF exerts forces on freely diffusing signaling molecules on the extracellular surface. The net result of these forces leads to asymmetric redistribution of these signaling molecules and directed migration (McLaughlin and Poo, 1981) . The second hypothesis (Fig. 5C, D) suggests that the EF induces asymmetric activation of a plasma membrane voltage sensor such as a voltage-gated Ca 2ϩ channel (reviewed in Robinson, 1985) or other transplasma membrane voltage sensor (reviewed in McCaig et al., 2005; Levin, 2007) . Asymmetric activation of this voltage sensor leads to a polarizing signal that directs changes to cell morphology and controls other cellular responses.
Redistribution of cell-surface receptors
Asymmetric redistribution of surface membrane components by weak DC EFs was first postulated by Jaffe (1977) and shown by Poo and Robinson (1977) . As most surface molecules have a net negative charge at physiological pH, an applied EF would generate an electrophoretic force that would cause them to migrate toward the positive anode (Fig  6, top) . Paradoxically, all the proteins that were visualized under normal conditions localized to the opposite side of the cell, the negatively charged cathode, as if they were positively charged, including glycoproteins and glycolipids (Poo and Robinson, 1977) , the acetylcholine receptor (Orida and Poo, 1978; Stollberg and Fraser, 1988) , the LDL receptor (Tank et al., 1985) , the IgG receptor (Ryan et al., 1988) , and the EGF receptor (Zhao et al., 1999a) . A proposed solution to this anomaly was that a second, overwhelming force next to the plasma membrane moved cell-surface molecules in the opposite direction. Specifically, water flow in the extracellular boundary layer, induced by electroosmosis, was driving cathodal movement of freely diffusing surface molecules and overwhelming electrophoresis to the anode (McLaughlin and Poo, 1981) . Most cells carry a net negative surface charge such that mobile cations (mostly Na ϩ ) are concentrated in the surface boundary layer and anions are excluded. In an applied EF, current flow near the extracellular boundary layer is carried predominantly by mobile cations that drag along their shell of hydration (water) toward the cathode (Fig. 6, bottom) . This gives rise to water flow toward the cathode, within the extracellular boundary layer, and produces a physical force driving surface molecules to the cathode (McLaughlin and Poo, 1981) . Electro-osmosis is a phenomenon that is commonly employed for chemical separations within glass capillaries that posses a negative surface charge. Removal of the negative surface charge eliminates the electro-osmotic force. Reduction of the negative surface charge of cells by removing the abundant negatively charged sialic acids from the cell surface with neuraminidase or by adding a cationic lipid, DiI, should therefore reduce the electro-osmotic flow (EOF) of water and decrease cathodal localization of surface molecules. These treatments did in fact lead to the redirection of cell-surface proteins to the anode, favoring the hypothesis that in the absence of electro-osmosis, electrophoresis of the negatively charged proteins becomes the overwhelming directing force (McLaughlin and Poo, 1981) .
While many reports have shown the asymmetric distribution of surface proteins in response to applied EFs, only two attempts have been made to alter cell-surface charge and monitor the directed growth or migration of cells. Addition of neuraminidase did not alter the cathodal growth of Xenopus spinal neurites (McCaig, 1989) but did reduce the cathodal migration of 3T3 fibroblasts and HeLa cells by ϳ33% (Finkelstein et al., 2007) . Addition of cationic avidin to cell surfaces appeared to reduce the net surface charge but did not alter their EF-directed cathodal migration (Finkelstein et al., 2007) . It must be explained that the results due to the use of neuraminidase are difficult to interpret because culture conditions must be optimized to enable peak enzyme activity. Neuraminidase from Clostridium perfringens (Cassidy et al., 1965) and Vibrio cholera (Ada et al., 1961) has a pH optimum near 5.6 in phosphate or Tris buffers, with nearly 10-fold lower activity above pH 7.5. Poo et al. (1979) obtained reversal of migration of surface proteins on muscle cells by incubating them in 0.1 U/ml of neuraminidase for 1 h at pH 6.6. Finkelstein et al. (2007) incubated NIH 3T3 and HeLa cells in 10 U/mL of neuraminidase at pH 7.3 for 1 h to obtain a 33% reduction in the number of cells that migrated cathodally. Finkelstein et al. (2007) attempted to maintain neuraminidase in the medium during application of the EF, but cells still appeared to recover surface sialic acids very quickly, so that within 1 h the amount of surface sialic acids was not different from that of untreated control cells. The lack of modified cathodal growth by Xenopus neurites may have been due to the very low activity of neuraminidase that was applied for only 0.5-1 h to the cells that were cultured at alkaline pH 7. 8 -8.0 (McCaig, 1989) . The role of sialic acids in electroosmosis and galvanotaxis could be more carefully studied on a model system that migrates at acidic pH where neuraminidase can more readily facilitate their removal.
Alteration of surface charge using the cationic fluorescent membrane dye, DiI, also reversed migration of cell-surface proteins from the cathode to the anode (McLaughlin and Poo, 1981) . This treatment does not appear to have been used to attempt to alter direction of cell migration, but it did completely abolish the perpendicular alignment of muscle cells to applied electric fields (McCaig and Dover, 1991) .
Multivalent inorganic ions are known to reduce net negative charge on the surface of cells as well as on the proteins themselves (Obi et al., 1989; Besteman et al., 2004) . While Co 2ϩ , La 3ϩ , and Gd 3ϩ have been used to inhibit or reverse directed migration and growth, their use has not been interpreted as being linked to alteration of surface charge but rather to blockage of plasma membrane Ca 2ϩ channels (Cooper and Schliwa, 1986; McCaig, 1989; Huang et al., 2009 ) (more below). Multivalent ions alter cell-surface charge and net protein charge in a manner that makes it difficult to predict their net effect.
It can be envisioned how the asymmetric redistribution of cell-surface proteins could provide a directional signal. On the other hand, this phenomenon may simply be an irrelevant side effect of the external electric field. Pretreatment of muscle cells with concanavalin A prevented asymmetric distribution of Con A receptors in an applied EF . However, the same treatment did not prevent the perpendicular alignment of muscle cells in the field (McCaig and Dover, 1991) . Also, reduction of electro-osmotic water flow by increasing viscosity had no effect in altering the directed growth of neurites in applied EF (Jaffe and Poo, 1979) . As intriguing as the idea may be that the interplay between electrophoresis and electro-osmosis controls EFdirected migration and growth, there is very little evidence to support it.
Asymmetric membrane potential
The second mechanism by which vertebrate cells are thought to sense DC EFs invokes polarized activation of plasma membrane voltage sensors. Most efforts have been directed toward determining the role of voltage-sensitive Ca 2ϩ channels. According to this hypothesis, asymmetric polarization of membrane potential occurs when the plasma membrane on the cathode (negative pole) facing side of the cell is relatively depolarized compared to the anodal side (positive pole), which will be slightly hyperpolarized. The depolarized membrane on the cathodal side could then give rise to increased Ca 2ϩ influx on the cathodal side due to activation of voltage-gated Ca 2ϩ channels, thereby generating a high gradient of intracellular Ca 2ϩ at the cathode that could be used to direct cathodal migration and growth (reviewed in Robinson, 1985) . Even as this hypothesis was proposed, it was noted that the available evidence argued against it because voltage-gated channels require large depolarizing changes in membrane potential, tens of millivolts more positive, before opening. The small electrical potential differences, 0.1-0.2 mV, that exist at the threshold of the EF-induced response are not sufficient to activate voltagegated Ca 2ϩ channels to any great extent (reviewed in Robinson, 1985) . However, the mechanism found favor and is still embraced owing to a number of findings showing that blockage of plasma membrane Ca 2ϩ channels with organic or inorganic blockers reduces or eliminates the galvanotactic responses (reviewed in McCaig et al., 2005) . The inorganic blockers are multivalent ions, including Co 2ϩ , La 3ϩ , and Gd 3ϩ . As discussed above, these blockers may exert their effects by modifying surface charge and altering electro-osmotic flow. However, there is no alternate explanation for why the organic Ca 2ϩ channel blockers reduce or eliminate galvanotaxis.
The paradox inherent in this hypothesis is generated by pre-existing data on the intracellular Ca 2ϩ gradients present during cell motility. In applied EFs, voltage-gated Ca 2ϩ channels may be opened more often by the depolarizing potential on the cathodal side. Therefore, cells migrating toward the cathode should have a cathode high [Ca 2ϩ ] i on the leading edge of the cell. This proposed Ca 2ϩ gradient is backward to a majority of findings in which it is the trailing edge of migrating cells that has the high [Ca 2ϩ ] i , as shown in studies of amoeba, fibroblasts, kidney epithelial tumor cells, vascular endothelial cells, and prostate tumor cells (reviewed in Maroto and Hamill, 2007) and in migrating zebrafish keratocytes (Huang et al., 2009 (Evans and Falke, 2007; Wei et al., 2009 Evidence contrary to the asymmetric Ca 2ϩ influx theory is that fish keratocytes (Cooper and Schliwa, 1986 ) and mouse fibroblasts (Brown and Loew, 1994) apparently do not posses voltage-gated Ca 2ϩ channels in the plasma membrane. Also, in the absence of extracellular Ca 2ϩ , human keratinocytes (Nishimura et al., 1996) , zebrafish keratocytes (Huang et al., 2009) , mouse fibroblasts (Brown and Loew, 1994) , and Xenopus embryonic spinal neurites (Palmer et al., 2000) display directed migration and growth toward the cathode that is similar in extent to when Ca 2ϩ was present. The absence of Ca 2ϩ , of course, really refers to very low Ca 2ϩ , such as Ͻ1 nmol 1 -1 (Palmer et al., 2000) and Ͻ10 nmol 1 -1 (Huang et al., 2009) where the electrochemical driving force for Ca 2ϩ across the plasma membrane is near equilibrium, resulting in no net movement of Ca 2ϩ and no changes in intracellular Ca 2ϩ . Similarly, restricting changes in Ca 2ϩ i with cell-permeant forms of the Ca 2ϩ buffer BATPA did not alter cathodal migration or growth (Palmer et al., 2000; Huang et al., 2009) . However, it must be recognized that when Ca 2ϩ is present, it may be the common second messenger used to transduce the EF signal. Migratory cells lose polarity and show decreased rates of migration in the absence of Ca 2ϩ (Nishimura et al., 1996; Huang et al., 2009) . Therefore, although Ca 2ϩ i signaling is not strictly required for EF-directed motility, when present it appears to act in a supporting role and may act in a controlling role.
The hypothesis of asymmetric activation of ion channels during galvanotaxis has been extended to voltage-gated Na ϩ channels (Djamgoz et al., 2001 ) and other voltagesensitive proteins such as phosphatases. However, the voltage-dependence of these proteins is similarly insensitive to the weak potential differences that exist across cells at the threshold of response, as in the voltage-gated Ca 2ϩ channels mentioned above. The single voltage-sensitive phosphatase that has been characterized has a half-maximal activation potential of ϩ62.7 mV and does not appear to be voltagesensitive below -20 mV (Murata et al., 2005) -tens of millivolts more positive than most resting membrane potentials.
Conclusions
Many different forms of extracellular signaling cues are used during development, regeneration, and wound healing to generate pattern and organization. An understanding of these natural signals provides us with a basis for mimicking-even optimizing-them to engineer elaborate multicellular tissues and organs. Endogenous EFs are one such signaling cue that has been characterized in developing and regenerating systems and used in the clinic to treat chronic wounds and spinal injury. At this point, such treatment of chronic wounds has worked when other treatments have failed. However, the mechanisms by which the fields improve healing are not known, making it difficult to substantiate use of any specific form of ES and preventing optimization of treatment. Current research has identified downstream molecular signaling pathways that are involved with remodeling cells during directed migration in response to EFs, but the mechanisms for sensing weak DC EFs remain unknown. A thorough understanding of these sensing mechanisms will enable clinicians and engineers to apply a wider degree of EF modulation for rebuilding tissues and organs in vivo and in vitro.
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